
AD-AIII 435 SOUTHEASTERN MASSACH4UETTS UNIV NORTH DARTMOUTH DEPT -- MC F/s 9/2
FURTHER STUDY OF THE MULTICHANNEL MAXIMUM ENTROPY SPECTRAL. AN--ETC (U)

FEB @a C " CHEN, S YOUNG NOOOIRT9-C-SOA

UNCLASSIFIED SUW-EE-TR-U-03 Nt

NJ' INDlllll
IIIIIIIII



g 11111,_ . : fl28 *2111.1 118 *3 2

11112.2

111111.2lllllN II II iIl~l

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU Of SIANDARDM 1963 A



-'uaryi,1$

'a hr 2Lujyofl e
I, taai ~ Va aIu

Uia-h ' I

kkrtii bartmouti., asausvt Q24'

*Tlhe pori. ' thu a Lic: r id FProhtb ty 'i ro~ir-u. of
the ; (-c ofl' iaval *cerhon~ this- work is gi'ate: .4lly

ac kkn c v -ie d :e (.

V Approved frw publi: r~eease:

820



A Furher tUcy Of
th( M~ul t i c ti tro ie I viax isni ii Sn;U pec tr1al Ana ly : s

I.Inti-oduc Lionl

Ir, Lhe fi eld o.1'~ra detection arid estlimat.-o.n, it is4 always

necessary to face the problems wi sy st'11; wl!O.s; -tater o ic dos-

cribed by ;sever-al t. nie- variables. itor (2XamIFP, Jr the geiohysical

research, data are -ga therud by arrays of sanso- ; (seismop-Eiphs,

hydrophones, antennas, met eor-oloplcal station;,,). r~-wsel!sor1s used

in these ar'ray system,- w. iinot always be al ong: z 3 inc or)Y ;rI a

regulaor grid but will wiPten have s;ome arIitrary :,patial. d.Istribu-

tL ori. Ailso, in arn ar-ray .system, one or, more sernor,: can he COnflec tod

-to a Channel ; each of' ties-e channels providies on(:o' T i.e i anal to be

proc,_essqed. Instead of' processing the si -nals received or. each chiannel

-eparately, it is possible to process alli the recelivedi -'igy-als

coilectivelgv by mea-ns of a niulticliarnel filter tha-r takes into accoun'

the in-teirelations amongp tfie nd i v.dual sjgals Korefot, Mu(I ti-

*channiel time series T-ro;ess--Ing is quite imnrtait becau-,-% f its

sufficient informatijons about the object. To a-olve iwspb]~'

* spec tral e-StImation is an effective tool to desci_L'e the ga

r operties. Va-rious attempts [ 1,1 - f I h1.e

.spectral analysis have been made in the litcrature-. 1Iany convenitir-nai

rnethiodc have been extencled fr,.om one channel -to multicharsie-L. Or e

technaiicue which hacs been studied ex tens ively du1I)e to its high resolti-

tionchaacteistc'~ s te maximum entropy metnod (E) oe

IOuttaL j 4 ~,sti-an n 1 1 aniid iMorI et al. '[ haveic ncependent y ob~tairwd

* the miultichrinnel genrera] ization of the scalar ur'sni-iximum en-tropy

*method. Iri this repor t, we use thie gener-a] i'atiori mothod aof Slirari
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as a means of study. Detailed computer resul- s are presented for

the multichannel maximum entropy spectral analysis of shurt sinusoids.

Althuugh for the ria]. igna]. the snectral line shiflnv, arid

spontaneous line.,silittin: are observed, we have demonstrtted that

such phenomena are almost completely eliminated jit the complex

signal case. This result is practically significant as i t indicates

that accurate spectral estimation is possibe for the coiP,)ex signal

case. The mu]tichannel maximum entropy spectra] inalysi.- can thus

provide a good phase estimate from which time delay,; amor ' ,patially

separated sensors can be properly determined.

This report is or.--anized as follows. In section II, i,' briefly

review the algorithm of Strand. In section ITT, w,,e sho: the results

of the spectral estimation and the phase difference >etw-eer channels.

In section I., wu present the comparative result of the rtal sJgnals

and the complex signals in the viewooint of line shiftiiq and sd it-

ting properties. And in tne Appendix, we list a detailed computer

program in Fortran which we used to obtain the complex mltichannel

maximi.im entropy spectral estimation.

II. Theoretical Background
Let [ t

y2 (t)

y(t)= t= At

:1 y W 
t 

t

be a complex zero-mean, wide-sense stationary p-channel time

series. The N-element forward filter (or forword filter of length N)

I



has the form." " A,;

y(t) y *£, y(t-k-',t.) = et 2 . q
k0

Similarly, we consider the N-element backward filter

y(t) + _ BkNy(tfK2t) = bN(t) (3 )

In (2) and (3), the forward and backward filter coeffl.cierts, FkNi and

Bk14, respectively, .re complex pxp matrices. The as!.eris:' * denotes

the (Hermitian) conjugate transpose. For the optlmu. fci,',.rd or

backward fillers (2) or (3), we impose the condition t;ha. the

expected mean-square value of eN(t) or bNj(t) should be a minimum.

For (2) this involves determining F 11 F2N? ... , '-'' sucn that

Ll e )) eM minimum (4)

where , dero te-s the expecte(. valuie. Tnrsert-Ir -2'-) i.-,to (11)

and mirzii wi t', resrmect to the coefficients I Tive: the system

RRN 1  F

It,

II I I

RN _N+1 RN+2 R0  FNN j 0

Nhere I is the pxp identity matrix and the square block ';,matrices

in this system are 'lefined by

Rk :F y(t) y,,(t- kAt) , k=C,1,...N (6)

so that

R k ,R )
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We call the coefficient matrix in (5) the R-matrix, o' simuly R.

The forward power matrix P, for the resulting optimum fi.]tier (that

is, for FkN satisfying (5)) is

By multiplying both sides of (5) by F we have,

PN = FN* RF,i (9)

where we define F I Ly

FI F , ' '* F ,!

with comma indicating matrix partition.

. imilarly, for the uptimum backward filter, we can derive a system:

R R. R ... R

_ R _
IR ] "'" R-1It+. l'ifi

,I I , (i0 )

R B BI

11,Rbl N-2 .. R °0 BT

LL.
irie call the coefficient mantrix in (10) the f' matrix, or simply R'.

The backwa.-d power matrix p,, for the resui t:'ng optimum filter is

i s [b (< Ct)
H E b bN(t) (11)

and it follows from (10) that

P N B N R B N (12)

where

* ,*

B'. -I , B7 .,.



Furg has derived the following jresuits concerning the recursi-e

solution of (5) and (10), the forward and backward filters may be

postulated in che form
= / J . iLVand

I% , : -. . I,:
SI,F ( I. I i (13)

wiiere is the block reve:'se of h
mid the j)xp cizLrices c, al( C' re called ftorwa rd and backwa rd r Flee tji n o,,f '- ,ntL

N t
r,ospect vel'. It ,aa hc sitown that P and P' nav, be (Omiiptud bY using the :, r-

i,-vinison al ori ihm;

, = ; )* p )-
P:Pi -i . (14)

hi N- I (15

and C 1. (C;, I- ( .1 p -

,,-1N N ,-- 1
C ' (P (I -:t * 16

;. H-i )  N PH-1 16

Fur the positive definite Pr>; > 0 (and P - 0), it is inuown that

'the maximuw entropy (autoregressive) power spectral density, S(f)

a pxp matrix, uan ifien be calculated from tnc forward filter F,, by

S~) = ,:'.'.-)---)(17)v

where F(z)= 1+"l 1 ,7+ ... Fr,.z z is the complex scalar defined by

Z= ) e 21H and f is 'the frequency.

It can be shown (as suggested in (9)) that F I Pt'' .F and

(' ', P1 ' '' ) are positive definite if and only if R i, poiti':,

dei';nite. Instead of trying to solve (5) using approximations to the

R k, Strand i deriveda method of estimating the reflection coefficients

, and'
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c and C/ by minimizing a certain weighted sum of squares cf

residuals for the forward and backward filters, after whieh all

forward and backward tilte: coefi'icient2 arid Ti ar(e !.tained by

the modern Levinson algori thin. It can be :TIhouvn hat

B Ct + P C P E -2G (i8

where

E = kW,, e;" e''

G t ' (19

~V

and I are positive scalar weights (usually all i.aker as in

practice). ,Id is the number of obsersvation oil L r aiza ion at

y(t), N is the number of tuplep of ,ata.

Also e 1 ann b I can be obtained from

= e H-1 + CA b .- 1in il li mi-

and b b iI + (C. ) e ---I (0

in 1 en

ml,2, ... Nd-NN 

Thu whole conpudin, procedure is i).ustrated In Fig. 1.

Let e y and b =m m=1,?... Nd-i

Comi-,,ite E, B, G by (19)0 C ' b
SSolve C and by (18) and (16) respectively.

Cumuute Pand P' by (14) (1-5)

Updato F" and B by (13)
N /K

Obtain new e and bV by (20)

Calcu._,.lea sn], etra b~' (17)

tl1, . I Computing: i,rocedurf. fo- t multi ,-i.,:iie1
.I Fe n ' rr- y ipIJ(.



1II. Numerical Results of -the Mu].Lichannel M1V>' SPectrun anl Estimation
of Prhase Dif'erenices Betwoun Chai ,e fl:

To ensure the correcrhess of the p.roprom,, th, Z-iye iirta which

Strand used have been tested:

Nd (number of' data points samp]ed) "

At = 1 second.

p (numbur of channel,3) 2

Y 2

, y : cis (2 1 r / ) + '). 2', (ran f -

I,,. I s in Oka ;, -, 0 ..'.

Re Y2 -t cos ( 1 Vt -- ,r, (.... - •

I, y2t n V i+ (, an 1-

where Ranf is a pseudo-ranoom number uniformly dLttr i.uLetween

0 and 1, \'d is the phase difference between char,r,: ard f is the

input frequeny. ]f we de!.ote the 2Dtc H', Ly
s(r) 31 12(" '] -)(-2)

t, 21,:

where f is the frequenc, i, H/, then the ti u; red coberenc is given

by

coh2(f) . ..I (23)

A rough indication of the expected Derformanco is given bk, Akaike's

FPE criterion, given by

FPE(N) = det P +--- -- --

- ~ ,V-/ 'n



Figs. 2a and 2b show U and S( for the real nuoid inputs

with f= 0.0625 Hz, j1'd I rad. Ind NPEF (number of terms in the

prediction error !1lier) 7. The results fo - £1 :_(t) arc :;hown (in

amplitude and phase) in Firs. 2c and 2d. From Figp. I d, we can obser've

that the pnase of Sk(.tf) appears to equal -1 radian at f','.0625 Hz.

In Fig. 2e, the squared coherence is shovn. 'it. 2f and Pig. 2g also

indicate the maximom and minimum eigenvalues of cpect:a. igs. 3a-3g

is the repeated procedure of Figs. 2a-2g but with ccmlex input sipryais.

The comparison shows that the compTlex multichannel]-:K v better

resolution and accuracy than the real case.

It is well known that the phase difference between ch!annels As

a very important parameter. Correct phase difference can give very

good estimation of time delay so as to detect tei ocation of the

target. Diflerent sets of data have been tested usn, IYe com lex

'nultichanne] M'EM progr'am with phase difference ... 6: .5 raO,-1.rad,

.ad. (f,= 0.0625 Hz), '\d: -0.5 rad (f.=0.2 H{z). TDhe re sults of

!-i spectrum S (f) anid phase of 1-2 spectrum, arc. S1 2 (f) are shown

in Figs. 4(a,b), 5(a,b), 6(a,b) and 7(a,b) respectively.

It is noted that the results are satisfactory.

IV. The Splitting and Shifting Problem in Vultichannel N. Power: pectrs

It, 1974, Chen and Stegen 7 ran some comuter experiiments.

They noted -that the estimated spectral maximum was .'ound to shift in

relation to the true maximum. The frequency :hif-ts deendcd upon

the initial p.:ase and the length of the sinusoid. Yougere et. ai. [6

showe' that Lhe problem arose from the assumption of' Burr; that

-Zi •I



previously determined reflection coefficient art, f-eld fied in order

to determine the preet reflection coeff'cien;. :,, .ougere , .

r.c er, tly indicated that theLu .r'ope ' ti : occuru' ,r tU lChI I. rl Y_'

channel complex ,si.!Tals and the multichanrel_ real i al I In

order to study thi- problem we have tested a im J ,,hir", exemplified

the problem for the single-channel nignals but i-_ Lotl ma] and

complex cases. This is a single sine wave of frcqu.-ency 1. 1 z sampled

every 0.0r, seconds, with additive noise:

R,- f, (r, co.;( (n -1) T /10 + -A ) + .

ill, f1 (n) sin( (n-i) U /i0 + ej ) + Ag (,)

Re I', (n) -co. ( (n- 1f1 /10 + 4;) - AP. v(n)

I,, ~i n r) --: Ir [( 1 T /1o + .]) + ., ._,. ',

where / and 4 are initial. phase5 in each ehas,riel and p,. (n) arid

g2 (n) are independent ealizations of random nImbers in the

range .0.3 and A is the noise amplitude. Also, we used I d and N.,111

to reT)resent the number of data points and the nun, b-- of terms ii

the prediction error filter respectivejy.
6le have noted tha-t the number, of terms of filter (N-'EF) affect

the quality of the spectrum as indicated by Fig. &'.a with PEF3,9, 1.

The same data are applied to the real and complex multichannel

cases as shown in Fig. 8b, 8c respectively. We can see the real

multichannel case is worse even than the single cPsannel, case (for

NPEF=21), but the complex signal performs good. Figs. 9-1.1 show

the eflects of' the number of data sample (T.A) to the location of

speutral peak of real signals. Figs. 9a, MxL, Ila show the loca-

tion of' spectral peak is farther from 1 lz a,, the cycles are not

._= -T , , .. ... .. .•j
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completed. When thie rijimer oi dat.a poijits iira~;~t rqec

S~iifr. decreases a ; :jovwn I it, 14. As cx1;c e trende

Nd=21 , 41 , . .. , every full y: I where t 'orei e- C: . e

between -true arnd apparcsi t fl'equencie'._ how.e ver 11 :h c, 'a i

two more cases but witch diffterent initial r~icafi v *ulct r

of spectral peak for various numnber of data atre aLi u.in

Figs. 15 and 16 re:spectively (for -'=, K--5

S=13 5 ) Again vie have no ted e....oeai ire

by -the number uf data vrint lami ed Cmi 1c :fI~~.5

th-e Ipeak of Nd =21 or 'ig O a, 1:arQ I 3a i, aind teInf:, 1u ax-i ui

Fitgs. 14, i5, arid 1.6, wu h-ave not,( li.'e pea.,, Q1 u . v ihan

case is also affected I.y ife in~lal pha.se. he- jcjil , wit u3

pliases shifts farther than- with C')", 18(0 a' C LIi .!s t- e same

Condition au, in the oiip;If channel case.

A very interestinr properTy is that thec location of -1roctral

peaks (does not shift away f rom the true vuiluf for- V0)'UvL(;. varial ui

(number of' data sampled, n~umber of terms in Yie precictic-, orroi;l

filte.r, value of initial phiase). From Figs. '-'b-1'ib unld 12s.i4-V),

-the complex inultichannel carse always give- iery sp tis factoryf results.

Therefore, we can cnnclude that the complex TME!', rower spectrum

estimation is not affected by t~he fqctors inidicated:1 abovce btecause

or* its sufficient informations.
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